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nsulin, insulin receptors, and their substrates are enriched at synapses in hippocampus and cerebral cortex (1, 2) , where they are thought to subserve a number of functions including regulation of glucose metabolism, gene expression, and synaptic plasticity (for review see refs. 3 and 4) . Insulin promotes axonal growth in cultures of fetal brain cells and is thought to play a role in axonal growth and elongation in brain development (5) . Insulin is synthesized by hippocampal neurons in culture and can be released from neurons and brain synaptosomes by depolarization in a Ca 2ϩ -dependent manner (6, 7) . Insulin inhibits norepinephrine uptake by hippocampal neurons in culture (8) and reduces firing rate of pyramidal neurons in hippocampal slices (9) . Insulin potentiates neuronal ␥-aminobutyric acid type A receptor activity by recruitment of functional ␥-aminobutyric acid type A receptors to postsynaptic structures at CA1 synapses (10) and reduces ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) activity by promoting internalization of AMPARs from synaptic membranes of hippocampal neurons in culture (11, 12) . Insulin enhances N-methyl-Daspartate receptor (NMDAR)-mediated synaptic transmission at CA1 synapses (13) and potentiates activity of recombinant NMDARs expressed in Xenopus oocytes (14) .
The insulin receptor is a tyrosine kinase, which, upon stimulation, phosphorylates insulin receptor substrates (IRS-1, IRS-2), leading to activation of diverse signaling pathways and downstream proteins including phosphoinositide 3-kinase, 3-phosphoinositide-dependent kinase, Akt2, and atypical protein kinase C (PKC͞) (15) (16) (17) . In striated muscle and adipose tissue, insulin stimulation and phosphorylation of IRS proteins promotes increased glucose uptake primarily via translocation of the GLUT4 glucose transporter protein from intracellular storage sites to the plasma membrane (18) . Movement of the transporter requires activation of the intrinsic tyrosine kinase of the insulin receptor (19) (20) (21) . The signaling pathway(s) activated by insulin in neurons to potentiate NMDARs are not yet known.
The present study was undertaken to examine the hypothesis that insulin-induced potentiation of NMDARs expressed in Xenopus oocytes occurs at least in part by rapid recruitment via exocytosis of vesicle-associated channel molecules to the cell surface. Oocytes expressing recombinant receptors provide geometric simplicity and express a homogenous population of receptors, presumably in the absence of PSD-95, which is known to inhibit insulin and PKC potentiation of recombinant NMDARs (22, 23) . Moreover, the molecular machinery for protein trafficking is highly conserved from yeast to mammals (24) . Experiments involving patch-clamp recording, charge transfer measurements, neurotoxin treatment, and Western analysis of surface proteins demonstrate that insulin delivers new NMDA channels to the plasma membrane by regulated exocytosis, a mechanism that may be relevant to synaptic plasticity.
Materials and Methods
Expression Constructs. Mouse 1 (corresponding to rat NR2A) cDNA was a gift of M. Mishina (University of Tokyo, Tokyo). Rat NR1-4a (NR1 000 ) cDNA was cloned in this laboratory (25) . cDNAs were subcloned into the pBluescript SK(Ϫ) vector for oocyte expression. To generate templates for transcription, circular plasmid cDNAs were linearized with BamHI (NR1-4a) or NotI (1) . Capped mRNAs were synthesized as run-off transcripts from linearized plasmid cDNAs with T3 or T7 polymerase (Ambion mMessage mMachine transcription kit, Austin, TX, 2 h at 37°C). Concentration and integrity of mRNAs were assessed after staining with ethidium bromide by direct comparison of sample mRNAs with an RNA standard ladder (GIBCO͞BRL).
Whole-cell currents were recorded from oocytes (2-6 days after injection) at ambient temperature in the voltage clamp mode as described (26) . Currents were elicited by bath application of NMDA with glycine at a holding potential of Ϫ60 mV. Oocytes were perfused in Mg 2ϩ -free, normal frog Ringer's solution consisting of 116 mM NaCl, 2.0 mM KCl, 1.0 mM CaCl 2 , 10 mM Hepes, pH 7.2. For insulin receptor activation, oocytes were incubated in insulin (1 M, 10 min; Sigma).
Single-channel currents were recorded from outside-out patches excised from devitellinized oocytes (2-7 days after injection) as described (27) . Single-channel current amplitudes were calculated from means of Gaussian fits to all-point ampli- Western Blot Analysis of Surface Proteins. Control and insulintreated Xenopus oocytes expressing NR1-4a͞NR2A (NR1 100 ͞ NR2A) receptors were screened for NMDA currents in the range of 100 to 300 nA and insulin potentiation of Ϸ2-to 3-fold. Oocytes were incubated in external recording solution in the absence or presence of insulin (100 M, 2 min) and washed twice. Surface proteins were biotinylated with the membraneimpermeant reagent sulfosuccinimidyl 2-(biotinamido) ethyl-1,3Јdithiopropionate (sulfo-NHS-SS-biotin; Pierce) according to Chen et al. (28) . Cell extracts were prepared as described by Hollmann et al. (29) . To isolate biotinylated surface proteins from nonsurface proteins, cell extracts were incubated with Neutravidin-linked beads (Pierce; 2 h at 4°C). Bound proteins were eluted from the beads by incubation with SDS͞PAGE gel loading buffer containing DTT (which releases biotin from labeled proteins) and subjected to gel electrophoresis with aliquots of total proteins.
Results

Insulin Potentiates NMDAR Currents via Activation of Insulin Receptor
Tyrosine Kinase. To examine the actions of insulin on NMDAR functional activity, we recorded NMDA-elicited whole-cell currents from Xenopus oocytes expressing NR1-4a͞NR2A receptors before and after insulin treatment via the bath perfusate. We chose the NR1-4a splice isoform, which has the shortest C-terminal tail, because NR1-4a͞NR2A and NR1-4a͞NR2B receptors exhibit the highest cell surface expression (30) and highest degree of PKC potentiation (31) . Insulin (1 M, 10 min) markedly increased NMDA-elicited whole-cell currents (Fig.  1A) . Insulin potentiation (defined as the ratio of NMDA current amplitude measured after insulin to that before insulin) was 2.8 Ϯ 0.1 (n ϭ 11).
To examine the role of tyrosine kinase activation in insulininduced potentiation of NMDA currents, we applied reagents that target tyrosine kinase activity. Application of the broadspectrum tyrosine kinase inhibitor genistein (100 M, 1 h) before and during NMDA application had little or no effect on basal NMDA responses or insulin-induced potentiation of NMDAR responses (Fig. 1B) . Insulin potentiation was to 2.7 Ϯ 0.2 times the control NMDA response in the presence of genistein (n ϭ 3; Fig. 1 B and D) vs. 2.8 Ϯ 0.1 in the absence of genistein (n ϭ 11; Fig. 1 A and D) . In contrast, the selective insulin receptor inhibitor tyrphostin A47 (100 M, 10 min) slightly stimulated control NMDA currents (to 1.56 Ϯ 0.16 times the control response; n ϭ 7; Fig. 1C , compare first and second NMDA responses), but completely abolished insulin potentiation of NMDA responses (potentiation to 1.02 Ϯ 0.10 times the control response in tyrphostin A47; n ϭ 7; Fig. 1C , compare second and third responses; Fig. 1D ). This finding indicates that insulin-induced potentiation of NMDA currents involves activation of the insulin receptor tyrosine kinase, but does not rule out the involvement of other kinases. To examine effects of insulin on NMDA channel gating, we recorded channel activity in outside-out patches excised from oocytes expressing NR1-4a͞NR2A receptors before and after insulin treatment. We excised patches after insulin treatment, because patch formation can distort the membrane inside the pipette and disrupt exocytosis (32, 51) . In control patches, NMDA (100 M) activated channels with a single channel conductance, ␥ ϭ 37.3 Ϯ 0.9 pS at Ϯ60 mV (n ϭ 5; Fig. 2 A and C) . NMDA channel activity in patches excised after application of insulin (1 M, 10 min) was markedly potentiated (Fig. 2B) . Insulin increased the number of active channels times channel open probability, nP o , by Ϸ2.3-fold from 0.08 Ϯ 0.02 before insulin (n ϭ 5) to 0.18 Ϯ 0.03 after insulin (n ϭ 5; P Ͻ 0.05; Fig. 2D) ; however, singlechannel conductance remained unchanged (␥ ϭ 37.2 Ϯ 0.6 pS; n ϭ 5; Fig. 2 B and C) . Moreover, insulin slightly, but not significantly, increased the mean duration of openings (Fig. 2E) .
The distribution of open times was fit by a single exponential consistent with a single open state ( ϭ 3.36 Ϯ 0.33 msec before insulin; n ϭ 5 vs. ϭ 4.04 Ϯ 0.15 msec after insulin; n ϭ 5; P Ͼ 0.05). Rosenmund et al. (34) . This method takes advantage of the essentially irreversible block of NMDA-elicited currents by the open-channel blocker MK-801. NMDA-elicited whole-cell currents were recorded in the continuous presence of MK-801 (5 M) in control (Fig. 3B Left) and insulin-treated (Fig. 3B Right) oocytes. To determine the number of channels, N, we calculated cumulative charge transfer, Q, which is the total current flow during the time required for complete block by MK-801. N can be calculated from Q, as follows: Fig. 2 C and D) and should not affect k bl . The channel number, N, for control and insulin-treated oocytes was normalized to the NMDA-elicited whole-cell current, which corrects for any differences in levels of expression within and between the two groups. For control oocytes, the mean number of channels per cell, N control , was 1.01 Ϯ 0.13 ϫ 10 6 channels per 100 nA. The mean channel density is calculated to be 0.04-0.12 M
Insulin Increases the Number of Channels in the Plasma
channels in the membrane, N, and channel open probability, P o , we used a modification of the method of Jahr (33) as adapted byN ϭ Q͓͞␥͑ V Ϫ E rev ͒t bl ͔,
Ϫ2
, assuming a surface area for the oocyte of 3 ϫ 10 7 M 2 (35) and NMDA-elicited whole-cell currents of 100-300 nA. Insulin increased the number of channels per cell by Ϸ3.2-fold (n ϭ 6; P Ͻ 0.005; Fig. 3E ). The increase in channel number per cell accounted for the entire increase in current (I insulin ͞I control ϭ 3.1 Ϯ 0.3; n ϭ 7; Fig. 3 A and D) . P o in control and insulin-treated oocytes can be calculated from the near steady-state peak NMDA-elicited current, I control , the single channel current, i, and N, as follows:
P o,control ϭ I control ͞iN control ϭ 0.032 Ϯ 0.004; P o,insulin ϭ I insulin ͞iN insulin ϭ 0.028 Ϯ 0.004; from which the ratio, P o, insulin ͞P o, control ϭ 0.88 (Fig. 3F) . These findings indicate that insulin increased the number of active NMDA channels and had no effect on channel open probability.
As an independent measure of the effect of insulin on NMDA channel gating, we analyzed the rate of decay of NMDA-elicited current in the presence of MK-801 (Fig. 3C) . Provided that k bl [MK-801] ϾϾ k ␣ and k ␤ (the closing and opening rates, respectively), the decay can be described by a single exponential with the rate constant, k ␤ . Insulin slightly but not significantly reduced k ␤ (from 2.04 Ϯ 0.15 s (Fig. 2E) . The apparent discrepancy arises because the P o equation applied to macroscopic currents assumes an equilibrium between unliganded and bursting states and will thus yield a k ␣ value corresponding to termination of bursting, rather than of individual openings. k ␣ calculated in this manner will be overestimated in that P o calculated from N and I is less than the probability that a receptor is liganded. This analysis reveals that insulin does not modulate NMDA channel gating. Moreover, the slow recovery of NMDA-induced responses from MK-801 block indicates that the rates of constitutive exocytosis and endocytosis are relatively slow; thus, a reduction in the rate of endocytosis would account, at most, for a very small component of insulin potentiation (51) .
Insulin Promotes Delivery of NMDA Channels to the Cell Membrane via
Exocytosis. The results reported thus far indicate that insulin increases the number of active NMDA channels at the cell surface, but do not distinguish between insertion of new channels and unmasking of silent channels. To distinguish between these possibilities, we examined the effects of loading oocytes with the light chain of type A botulinum neurotoxin (BoNT A), which is known to cleave SNAP-25 and prevent SNAP-25-dependent exocytosis (36) . Microinjection of BoNT A reduced the degree of insulin potentiation of NMDA-elicited currents by about 70% (from 4.7 Ϯ 0.2 for control oocytes; n ϭ 6 to 1.7 Ϯ 0.1 for insulin-treated oocytes; n ϭ 6; P Ͻ 0.001 (Fig. 4) . No significant change in the resting potential, input resistance, or basal NMDA response was caused by BoNT A (data not illustrated). No effects on insulin potentiation were observed when the vehicle (DTT, 10 mM) was injected. The reduction in insulin potentiation by BoNT A suggests that insulin-induced delivery of NMDA channels to the cell surface is by SNAP-25-dependent exocytosis.
Insulin Potentiation of NMDARs Does Not Require Direct Tyrosine
Phosphorylation of NR1 or the Carboxyl Terminus of NR2A. Insulin causes tyrosine phosphorylation of the NR2A and NR2B receptors (37) . To examine a possible role for direct receptor phosphorylation in insulin-induced potentiation, we used sitedirected mutagenesis to remove tyrosine residues. We introduced alanine residues in place of the two tyrosine residues, Y837 and Y865, in the C terminus of NR1-4a; this mutation removes all cytoplasmic tyrosine residues. We replaced Y842 in the C terminus of NR2A with a stop codon; this mutation truncates the C terminus and removes all serine, threonine, and tyrosine residues in that domain (note that two tyrosines are present in the TM1-TM2 intracellular loop of NR2A). Mutant receptors assembled from these subunits exhibited full insulin potentiation. Potentiation was to 3.0 Ϯ 0.7 for NR1-4a(Y837A͞Y865A)͞NR2⌬A C receptors (n ϭ 7; Fig. 5 B and C) vs. 2.7 Ϯ 0.1 for wild-type NR1-4a͞NR2A receptors (n ϭ 7; Fig. 5 A and C) . This finding indicates that insulin potentiation does not require direct tyrosine phosphorylation of the Cterminal tails of the NMDAR subunits. The entire increase in the NMDA-elicited whole-cell current for wild-type receptors and the double mutant could be accounted for by an increase in the number of channels (2.8 Ϯ 0.2 for wild-type receptors; n ϭ 5; vs. 3.1 Ϯ 0.6 for mutant receptors; n ϭ 5; Fig. 5D ).
Insulin Treatment Increases Surface Expression of NR1 in Oocytes.
To examine changes in NMDAR subunit surface expression, we performed Western analysis of cell-surface proteins (28) . Intact control and insulin-treated oocytes expressing NR1͞NR2A receptors were surface-labeled with sulfo-NHS-SS-biotin, and biotinylated surface proteins were separated from nonlabeled intracellular proteins by reaction with Neutravidin beads. Protein samples were subjected to electrophoresis and probed with mAb 54.1 directed to the extracellular loop of the NR1 subunit (ref. 38 ; Fig.  6A ). Analysis of band densities indicated an insulin-induced increase in surface NR1 expression to 2.8 Ϯ 0.3 times that of control; n ϭ 5; P Ͻ 0.01 ( Fig. 6 B and D) , with no change in total cell NR1 protein (Fig. 6C ). This finding indicates trafficking of NR1 subunits from the cytoplasm to the cell surface.
Discussion
The present study demonstrates that insulin-induced potentiation of NMDAR activity occurs via delivery of new channel C-terminal domains can exhibit insulin potentiation. These results suggest that insulin-induced potentiation of NMDA receptor activity does not occur by direct phosphorylation of the C-terminal tails of the receptor protein, but rather of associated targeting, anchoring, or signaling protein(s). Together, these findings are consistent with a mechanism whereby insulin, acting through the insulin receptor tyrosine kinase, phosphorylates one or more protein(s) involved in receptor signaling or trafficking.
Insulin acts via the insulin receptor tyrosine kinase to initiate a signaling cascade involving phosphoinositide 3-kinase, phosphoinositide-dependent kinase, Akt2, and PKC (17, 39) . The finding that insulin potentiation of NMDAR activity is blocked by the selective PKC inhibitor calphostin C supports a pathway involving PKC (14) . One potential target of PKC is SNAP-25, which can be directly phosphorylated by PKC in an activity-dependent manner (40, 41) . A model consistent with these findings is that insulin, acting via its receptor, regulates membrane fusion events of NMDARcontaining vesicles by PKC-mediated phosphorylation of SNAP-25. The association of SNAP-25 or its binding partners with NMDARs, however, is as yet unclear. That insulin potentiates NMDARs via activation of the insulin receptor is indicated by our finding that tyrphostin A47 blocks insulin potentiation. Specificity of insulin action on NMDARs is indicated by the observation that receptors containing NR2C show little or no insulin potentiation and that coexpression of NMDARs with PSD-95 differentially affects insulin potentiation of NR1͞NR2A vs. NR1͞NR2B receptors (13, 22) .
Findings from the present study suggest a mechanism whereby insulin could regulate cell surface expression of NMDARs at the postsynaptic membrane, thereby modulating neuronal excitability.
Turnover studies of neuronal NMDARs indicate that there is a large intracellular pool of NR1 subunits; thus NR1 subunits are present in large numbers in dendritic shafts and spines, where they rapidly assemble with NR2 subunits and insert in the membrane (42) . Our finding of insulin-induced regulation of NMDAR trafficking in oocytes are in contrast to that of Lin et al. (12) that insulin promotes endocytosis of AMPARs, but does not affect NMDAR trafficking in hippocampal neurons. Rapid removal of AMPARs and ␥-aminobutyric acid type A receptors from the plasma membrane under conditions of normal synaptic transmission (10) (11) (12) (43) (44) (45) and synaptic plasticity (46) is well established.
There is evidence that membrane fusion events contribute to NMDAR-dependent long-term potentiation (47) , but the relative contribution of NMDARs and AMPARs is controversial (48) . Although activity-dependent targeting of NMDARs to postsynaptic sites occurs on the order of many hours or days (49), experiencedependent insertion of new NMDARs into the membrane in the visual cortex can be achieved within 1-2 h and may underlie rapid modification in synaptic strength (50) . Findings from the present study suggest that insulin, acting via its receptor induces phosphorylation of one or more proteins involved in receptor trafficking and targeting, thereby increasing NMDAR density at synapses. Given that insulin, insulin receptors, and NMDARs are widely expressed throughout the central nervous system, regulation by insulin of NMDA channel activity provides a potentially important way to modulate excitatory synaptic transmission.
